Abstract. Protected areas (PAs) cover a small proportion of the Earth's surface and most species are not covered by the current network. Amphibians are the least represented group in PAs around the world and expanding the network is still the major recommendation for species conservation. We evaluated the effectiveness of PAs in safeguarding endemic amphibians in the Cerrado biome of Minas Gerais state, southeastern Brazil. We conducted a gap analysis to highlight site-based conservation actions for target species within study site. We extracted occurrence points from the national database and calculated the intersection between the minimum convex polygon and natural vegetation remnants for each species. For each target species, we calculated the percentage of the range covered by PAs and assessed the scientific knowledge based on academic publications between 1950-2015. We recorded 206 amphibians in Minas Gerais, of which 127 occur in the Cerrado. We identified 24 target species and concluded that 80% are insufficiently protected by the current PA network. A quarter of the species have zero coverage and most species have < 30% of their range legally protected. In southwestern Minas Gerais, we recommend habitat restoration and connectivity to provide additional habitat to target species. In western Minas Gerais, the creation of PA seems to be the best solution. The distribution of target species is concentrated in the Espinhaço Mountain Range, where we recommend the establishment of biodiversity corridors. We examined 246 publications, most of which focus on taxonomy. Few species have sufficient information to have their conservation status re-assessed, with only 26.8% of publications containing specific information on conservation. Scientific knowledge must be improved for all research areas, especially species distributions and ecology, to support evidence-based conservation and management actions.
INTRODUCTION
Although 15.4% of the Earth's land surface is formally protected (Juffe-Bignoli et al., 2014) , the Convention on Biological Diversity (Aichi Biodiversity Target 11) advocated an increase in protected area (PA) coverage to at least 17% by 2020 (CBD, 2015) -an expansion of 2.2 million km 2 . Despite an increase in the number and coverage of PAs in the last few decades (Watson et al., 2014) , 85% of threatened birds, mammals, and amphibians are still not adequately protected (Venter et al., 2014) . Amphibians are the least represented group inside PAs around the world ; a recent estimate identifies 42% of all amphibian species as not represented in PAs or with less than 5% of their distribution covered by such areas . This may be a consequence of biased selection criteria to establish PAs, with emphasis on charismatic megafauna and certain ecosystems, resulting in an unbalanced representation of biodiversity within the network (Beresford et al., 2010; Sritharan and Burgess, 2011) .
Amphibians represent the highest proportion of threatened species among all vertebrates (41% are threatened; Pereira et al., 2012) and are declining more rapidly than either birds or mammals (Stuart et al., 2004) . Populations are declining worldwide due to fungal diseases (Pounds et al., 2006; Lips et al., 2008) , use of agrochemicals (Kiesecker, 2002) , climate change (Griffiths et al., 2010; Shoo et al., 2011) and habitat loss and fragmentation (Becker et al., 2007) . However, knowledge on amphibian population ecology, species distributions and conservation status is lacking, especially in South American countries (Young et al., 2001 ). In the Brazilian savannathe Cerrado hotspot, where 51.7% of amphibian species are endemic (Valdujo et al., 2012 )-estimates of threats to amphibians have been poorly investigated (Diniz-Filho et al. 2006 , 2007 . In Minas Gerais, amphibian research has focused on natural history and distribution patterns, with ecological studies beginning in the late 1990's . However, in the Cerrado biome, population declines are still poorly understood (Eterovick et al., 2005) .
Amphibians are not only highly threatened, but also have the highest proportion of Data Deficient species (DD; IUCN, 2014) . According to Morais et al. (2013) , 25% of DD amphibians are recorded in Brazil, which reflects the level of uncertainty about species conservation status-and also the degree to which they are protected. Although Mace et al. (2008) recommended the same degree of protection to DD species, this proposition is usually disregarded (Trindade-Filho et al., 2012) and species classified in this category receive less attention in conservation plans than those assessed as threatened (Brito, 2010; Trindade-Filho et al., 2012; Morais et al., 2013) .
Considering that only 3% of the original area of the Cerrado is strictly protected (MMA/ICMBio, 2014) and the high amphibian diversity within this biome in Minas Gerais state, southeastern Brazil, herein we evaluate the effectiveness of existing PAs in safeguarding amphibian species that are endemic to Minas Gerais and occur in Cerrado. We conduct a gap analysis to pinpoint where increases in PAs are needed and also where it would be considered most feasible, based on the remaining vegetation cover and past priority recommendations for the study area. Furthermore, as DD accounts for a high proportion of evaluated species in the country, we also investigate the scientific knowledge available for DD target species, according to IUCN assessments. We highlight the shortfalls of scientific knowledge and suggest future research areas that might contribute to the conservation status of amphibians in Minas Gerais.
MATERIALS AND METHODS
We selected target species based on endemism and considered only species with their entire extent of occurrence (sensu IUCN, 2013) restricted to the state of Minas Gerais, southeastern Brazil. We checked species occurrences using the Amphibian Species of the World database (Frost, 2014) , which resulted in a broad description of the geographic distribution within the country. Species listed as occurring in Minas Gerais were double checked using the International Union for Conservation of Nature database on species distributions (IUCN, 2014) . Based on the Brazilian official database for major biomes (IBGE, 2014) and on the municipality in which a given species occurred, we assigned each species listed in Minas Gerais to one or more of the three biomes in the state: Cerrado, Atlantic Rainforest and Caatinga. We included species from transitional areas in both biomes of occurrence. Our aim was to produce a database of anuran species from Minas Gerais, with detailed information on species distributions and biome of occurrence. From this database, we selected endemic species of Minas Gerais state occurring in the Cerrado biome. These species were assigned to IUCN Red List categories (IUCN, 2014) and recently described species were assigned as not evaluated (NE). Since we did not consider Least Concern (LC) species in analyses, our final targets were defined as threatened, DD and NE species endemic to Minas Gerais and with occurrence in the Cerrado.
Protected area effectiveness
We extracted the occurrence points for the target species from a recent database (20,000 records) produced by "Centro Nacional de Pesquisa e Conservação de Rép-teis e Anfíbios -RAN". Using ArcGIS, we calculated a minimum convex polygon (MCP) for each species based on occurrence data. For species with two or less occurrence points, we assigned a buffer of 10 km, merging buffers whenever they overlapped to each other (i.e., when buffer margins touched an adjacent buffer). Since species are not likely to occur in the whole MCP area, species distribution maps can overestimate the true area of occupancy. To avoid overestimation, we considered as the potential area of occurrence only those areas with natural vegetation inside the MCP (hereafter species range). To obtain this, we overlapped each species MCP with a natural vegetation remnants layer (IBAMA/PMDBBS, 2011). Even though this does not guarantee that species will be found in all natural remnants, we believe it provides a more realistic estimate of occurrence and therefore a better estimate of the range covered by PAs.
To assess protection effectiveness, we used the percentage of each species range covered by PAs (i.e., proportional area of species range that is legally protected). To calculate this proportion, we overlapped the range of each species (area with natural vegetation inside the MCP) with the PA network layer. We only considered strictly protected areas (according to the Brazilian PA system; SNUC, 2000, equivalent to IUCN categories I-IV; Dudley, 2008) within the state of Minas Gerais. Considering the small scale of our study and given the reduced number of occurrence points, we defined protection effectiveness based on the percentage of habitat covered by a PA within a species' range: Finally, to contrast the distribution of target species with previously recommended conservation goals, we overlapped NP species ranges, PAs and natural vegetation remnant layers with the national priority areas for biodiversity conservation (PROBIO/MMA, 2007) and state priority areas for herpetofauna conservation (Drummond et al., 2005) . To conduct all spatial analyses we converted shapefiles to the same datum and projection system.
Scientific knowledge
We investigated the scientific knowledge produced between 1950-2015 for all target species, including DD species as well as threatened species and species that are yet to be evaluated by the IUCN. We used the scientific name and synonyms of each target species as search criteria in Google Scholar and only considered papers published in peer-reviewed journals. To avoid duplicates or unreliable entries, we analyzed the results and eliminated repeated references. We placed each reference into subject categories (not mutually exclusive; i.e. one paper could have multiple citations and/or be placed in more than one category), according to keywords (in parentheses): Conservation (conservation, decline, vulnerab*, threat*, extinct*); Taxonomy (taxonomy, description, morphology, new species); Ecology (ecolog*, vocal*, diet, temporal distribution, spatial distribution, natural history, predation, behavior); Genetics (genetics, cytogenetic, karyotype, phylogen*, chromosom*); and Distribution (distribution, geographic distribution, new record). When analyzing the content of each paper, we checked if the published data and analysis presented specific information about the species (e.g., taxonomic review, population ecology) or general information about a community (e.g., cited as comparing taxa or listed in a community). Using this approach we produced a list of publications from the last 65 years for each target species according to research area and specific content that could contribute to an evaluation of their conservation status or future conservation plans.
RESULTS

Protected areas effectiveness in the Cerrado of Minas Gerais State
We obtained records of 206 amphibian species in Minas Gerais, of which 127 occur in the Cerrado, including species occurring either at Cerrado and Caatinga or at Cerrado and Atlantic Rainforest. We recorded 35 species endemic to Minas Gerais and occurring in the Cerrado biome, representing 151 data points that were used in our analyses. Eleven of these species are classified as LC and the remaining species were considered as targets (n = 24, Table 1 ): two are Near Threatened (NT), 16 are DD and six are NE. The number of points retrieved differed among species and, as a consequence, the estimated species ranges differed as well, varying from 125.7-31,729.6 km 2 (Table 1). According to our classification, approximately 80% of the target species are either NP or UP by the current network ( Fig. 1A ; Table 1 ). Six species have zero coverage, representing 25% of our targets (Fig. 1B) , and more than half (n = 13) are classified as UP. The remaining five species (20.8%) are PP (n = 2), SP (n = 1) or P (n = 2) ( Fig. 1A-B ).
The distribution of target species is highly concentrated in the Espinhaço Mountain Range, a transitional area between the borders of Cerrado and Atlantic Rainforest in eastern Minas Gerais state (Fig. 2 ). This region shelters one SP and one PP species, but also a high number of UP species (n = 11) and one NP species, Physalaemus deimaticus. The southwestern part of the state (close to Serra da Canastra National Park and Triângulo Mineiro) is another region with a considerable number of target occurrences, including the three NP species Ischnocnema karst, I. penaxavantinho and Pseudopaludicola facureae (Fig. 2) . There are few records in the central-western state and the only two target species recorded in this region have zero PA cover: Bokermannohyla ravida and Proceratophrys carranca (Fig. 2) . The occurrence of all NP species overlapped with priority areas for biodiversity conservation (national priorities; PROBIO/MMA, 2007) or herpetofauna conservation (state priorities; Drummond et al., 2005; Fig. 3).
Scientific knowledge on target species
We examined 173 papers that included 246 citations for all 24 target species. Most citations were about taxonomy (n = 145), representing 59% of our search, followed by ecology, with 19% of records (n = 48) ( Table 2) . Although the category "ecology" ranked second in general numbers, less than 17% (n = 8) were specific studies. Citations focusing on distribution (n = 22), conservation (n = 19) and genetics (n = 12) represented 21.5% of the total literature. Few papers were published in the first four decades (n = 20; from 1950 to 1990), with an increasing number from 2000 and the present (n = 135) (Fig. 4) .
There are few species-specific citations ( Fig. 5 ) and only 26.8% (66 of 246 citations) contained information on populations of target species (Table 2) . Species with the highest number of specific studies are Crossodactylus trachystomus (n = 9), followed by Phyllomedusa megacephala (n = 8), and Bokermannohyla ibitiguara and Pseudopaludicola mineira, both with five records (Fig. 5) . Nine species had only one specific citation, all of them on their taxonomic description (Table 2) , and two species had only one record in general and specific literature search, Odontophrynus monachus and I. karst, both of which were recently described (Fig. 5) .
DISCUSSION
Are protected areas enough?
The great majority of amphibian species that are endemic to Minas Gerais and occur in Cerrado are unsatisfactory or not protected by the current PA network and Leptodactylus camaquara (Sazima and Bokermann, 1978) (Sazima and Caramaschi, 1988 Pseudopaludicola mineira (Lobo, 1994 and > 50% of all range restricted amphibian species are not represented in any PA around the world . Poor PA coverage is also true for other taxonomic groups: most of the world's terrestrial threatened vertebrates (Venter et al., 2014) and 20% of the Cerrado endemic and threatened species (Klink and Machado, 2005) are not adequately protected. These results highlight the need to incorporate species distribution knowledge when designating PAs and indicate, as noted by Venter et al. (2014) , that new PAs must be strategically located to deliver the highest conservation benefits.
Our results reinforce previous recommendations to include DD species in conservation planning, especially with regard to the degree to which they might be threatened in the future (Trindade-Filho et al., 2012; Morais et al., 2013; . Trindade-Filho et al. (2012) demonstrated that the inclusion of DD species can impact and change the spatial configuration of protected areas network, while Brito (2010) argued that protecting localities with DD species might also protect sites with species unknown to science. Occurrence points for target species might be considered an imperfect representation of their true extent of occurrence, since the distributional range of several DD species is not completely known. While we acknowledge the limitations of using data points to represent the distribution of our targets, we believe our analysis provides the most up-to--date picture of the current scenario for target species in the Cerrado of Minas Gerais. Considering the high rates of habitat loss and the low percentage of protected habitats in the Cerrado, establishment of new PAs and/or expansion of existing ones is likely to benefit not only the target species within this study, but Cerrado biodiversity in general. Although site protection persists as the main conservation recommendation for most globally threatened tetrapods (Boyd et al., 2008) , the financial, political, and social costs of establishing strict PAs make this solution feasible only in some cases. Thus, additional strategies must be considered together with PA network expansion, as well as refining the information to where and how conservation efforts should be allocated.
Conservation goals for target species
Our data clearly show that improvements in the proportion of species ranges that is protected are still required. The decision regarding which species to target with conservation actions is complex and potentially controversial. Evidently, NP species are in a critical situation; however, some NP species are of higher concern than others because they lack continuous natural habitats inside their distributions, which means it is likely to be more costly to promote their conservation. This is the case of Pseudopaludicola facureae, Ischnocnema karst and I. penaxavantinho-all NP species with only 11.8, 17.7, and 25.5% of natural vegetation remnants inside their MCP, respectively. These species occur in southwestern Minas Gerais where national and state priority recommendations are species inventory, creation of PA and corridors, and expansion of existing PA (Serra da Canastra National Park; Drummond et al., 2005; PROBIO/MMA, 2007) . Considering the low percentage of available natural habitats for these species, we suggest that habitat restoration and connectivity are more feasible and have better chances of success, together with the creation of private reserves and law enforcement to guarantee riparian habitats protection. The scenario is different for Physalaemus deimaticus, in southern Espinhaço Range, close to Serra do Cipó National Park, but with zero coverage by PAs and 70% of native habitat remnants inside its MCP. For this species, expansion of the existing PAs might be feasible; nevertheless, we suggest further investigation on species range, surveying nearby protected areas (Serra do Cipó National Park and Serra do Intendente State Park) to search for new populations. According to Eterovick et al. (2005) , the species is known from Serra do Cipó National Park; however, the occurrence points provided show an overlap of less than 0.1% with PA boundaries.
In addition to NP species, several UP species are also recorded in the Espinhaço Range, where there is still a high percentage of natural vegetation cover outside PAs. (Drummond et al., 2005; PROBIO/MMA, 2007) . Nevertheless, when compared to other regions in the state, the south Espinhaço Range has a considerable number of PAs and, according to Silva et al. (2008) , the creation of new PAs in this region is highly costly. Therefore, we believe the most reasonable conservation actions would be the establishment of biodiversity corridors connecting existing PAs.
Creation of PAs still stands as probably the best solution for the protection of Proceratophrys carranca and Bokermannohyla ravida, two NP species known only from their type localities in western Minas Gerais and with 44% and 55% of natural cover inside their MCPs (respectively). Previous recommendations for this region include habitat restoration and creation of biodiversity corridors (Drummond et al., 2005) , but there are few opportunities for connectivity with other PAs within a 100 km radius for both species. The region is considered a priority area for herpetofauna conservation (Drummond et al., 2005) , has relatively low human pressures and high vegetation Figure 5 . Number of publications recorded for each target species (all categories combined) of Cerrado amphibians endemic to Minas Gerais state, southeastern Brazil, showing the proportion of total records (left, pale purple) and specific papers (right, light green). Targets species with more than five publications are highlighted (dark green), as are critical species with only one record provided in total and specific numbers (light red). 
Improving scientific knowledge
Scientific knowledge continues to be insufficient for most DD anuran species endemic to the Cerrado of Minas Gerais and all research categories must be improved to allow the redefinition of each species' status and ultimately inform conservation and management actions. In the state of Minas Gerais, three anurans are critically endangered and seven are vulnerable (all from the Atlantic Rainforest), while 71 are still classified as DD ). However, threatened species categories are inconsistent between national and international lists (Morais et al., 2012) . Detailed information is needed about the processes affecting the species, without which an accurate assignment of species status is impossible. In general, we still lack sufficient knowledge on most target species. Nevertheless, based on the current literature, we believe some of these species might already have sufficient information to be re-assessed, such as Crossodactylus trachystomus, Phyllomedusa megacephala, Bokermannohyla ibitiguara, Pseudopaludicola mineira and Scinax curicica.
All target species, especially DD species, need further research on their geographical distribution, but some of them must be prioritized, such as recently described species (e.g., Proceratophrys carranca), amphibians with only one or two known occurrence points (e.g., Bokermannohyla ravida) and Physalaemus deimaticus. This would increase known species ranges and help future reviews on effective protection options. For species with 5-10 occurrence points, the modeling method proposed by Teixeira et al. (2015) for Brazilian DD amphibian species in forested habitats might be a useful tool to combine occurrence data, environmental suitability, and connectivity to prioritize sites for field surveys. Additionally, considering the shortage of distribution and status data in the country, we recommend that researchers share their data with conservation planners and practitioners.
Population ecology studies were less represented in our analysis. Controversially, Griffiths and Dos Santos (2012) revealed that the main topic of papers published in conservation journals was population biology, but the most popular taxa were mammals, birds, invertebrates, and plants. However, our analysis focused on amphibians only, a group with a very few specific articles published in main conservation journals (Griffiths and Dos Santos, 2012) . Likewise, ecological research focusing on amphibians in Minas Gerais has been developed recently , with an increasing number of professionals in the area. These factors might respond to the expected low number of population-based studies for our target species. While we acknowledge the drawbacks of developing population ecology studies of rare and range--restricted amphibian species, efforts to do so should be increased, since most of the knowledge required to assess conservation status comes from this type of analysis. Ecological studies should focus on target species with better documented occurrences (e.g., Proceratophrys cururu, Leptodactylus camaquara, and Hypsiboas cipoensis in the Espinhaço Range; Bokermannohyla sazimai and Scinax maracaya in Serra da Canastra). Nonetheless, the first step in an ecological approach for species with few data points is to improve knowledge on their distributions.
Since collaboration is required to combine expertise and techniques that can address further conservation problems (Griffiths and Dos Santos, 2012) , we also encourage collaborative research on different research subjects, such as genetics and conservation, ecology, and declines. Furthermore, although declines have been a major topic for amphibian conservation worldwide in the last years, research on declines has not been a focus between 2000-2010, at least for the target species in this study. According to Eterovick et al. (2005) , in the Cerrado biome a minimum of 20 declining species are lacking ecological or monitoring studies, both of which are urgently needed to provide policy makers with specific recommendations for amphibian conservation.
CONCLUDING REMARKS
The current network of protected areas is insufficient to safeguard range-restricted and poorly-known anuran species within the Cerrado biome of Minas Gerais state. We have produced a reliable database for a subset of the endemic amphibians of Minas Gerais and provided recommendations on future research and conservation efforts. Our main recommendations concern PA establishment in the western part of the state to safeguard populations of NP species; creation and maintenance of biodiversity corridors between existing PAs and riparian habitat protection to connect UP species populations in the Espinhaço Range; and, finally, habitat restoration in southwestern Minas Gerais to provide additional habitat for NP species within this region. Although scientific knowledge on target species needs much improvement, we provided an update on species range distributions that may be useful in future assessments. Additionally, we have shown that some of the DD species might have enough information to be re-evaluated. More importantly, we expect the results and recommendations provided here to guide state and national agendas, contributing to well-informed conservation actions, improved allocation of resources, better management of PAs, and more reliable species assessments. 
